Emission from the molecular ion H + 3 is a powerful diagnostic of the upper atmosphere of Jupiter, Saturn, and Uranus, but it remains undetected at Neptune. In search of this emission, we present near-infrared spectral observations of Neptune between 3.93 and 4.00 µm taken with the newly commissioned iSHELL instrument on the NASA Infrared Telescope Facility in Hawaii, obtained 17-20 August 2017. We spent 15.4 h integrating across the disk of the planet, yet were unable to unambiguously identify any H + 3 line emissions. Assuming a temperature of 550 K, we derive an upper limit on the column integrated density of 1.0
INTRODUCTION
Neptune is the most distant planet in our solar system orbiting the Sun at a distance of 39 AU, receiving only 2% of the solar flux that Jupiter receives. It has only been visited by a single spacecraft, Voyager 2, which flew by in August 1989. It has a magnetic field tilted from the rotational axis by 47
• (Ness et al. 1989) , which positions the magnetic poles at mid-latitudes. Therefore, unlike at Jupiter and Saturn, we do not expect auroral emissions to be located close to the rotational poles. In addition, the magnetic dipole is offset from the centre of the planet by 0.55 RN (Neptune radii, 24,622 km) towards the southern hemisphere, rendering the northern auroral region large and the southern small, reminiscent of Uranus (Herbert 2009 ). Disk-wide ultraviolet H2 emissions were observed at Neptune by Voyager 2 on the nightside (Sandel et al. 1990) , with the addition of a brightness peak in the southern hemisphere that was interpreted E-mail: henrik.melin@leicester.ac.uk (HM) as auroral emission about the southern magnetic pole. This tentative result remains the only observation of the aurora of Neptune. Modelling by Masters (2015) suggests that reconnection at the magnetospause is less favoured at Neptune than at Jupiter, Saturn, or Uranus, making the likelihood of a bright aurora small.
The molecular ion H + 3 is produced in the upper atmosphere of a giant planet via this exothermic reaction:
where the H + 2 reactant is ionised by either extreme ultraviolet (EUV) solar photons, or by charged auroral particles impacting the atmosphere. Observations of H + 3 have played a critical role in advancing our understanding of the ionosphere, upper atmosphere, aurora, and magnetic field at Jupiter, Saturn, and Uranus (e.g. Yelle and Miller 2004; Melin et al. 2011b) . We can derive upperatmospheric temperatures and densities by observing the spectrum of H + 3 , in addition to providing a measure of energy lost via radiation to space. The morphology of the observed H + 3 emission produced by auroral processes is directly related to where in the magnetosphere charged particles originate, revealing the planet's magnetic configuration.
Using Voyager 2 radio occultations Lyons (1995) derived an altitude profile of ionospheric electrons, from which they modelled the vertical distributions of several related species, including H + 3 . The ion had a peak density at about 1400 km (∼ 1.1 nbar) above the 1 bar level with a volumetric density of 1.1 × 10 6 m −3 . At this altitude, the temperature of the upper atmosphere is ∼550 K (Broadfoot et al. 1989) , although this altitude region coincides with the positive thermospheric temperature gradient, suggestive of significant uncertainties. The exospheric temperature derived from these occultations is ∼750 K (Broadfoot et al. 1989) . H + 3 emissions from the giant planets are observed to be variable on both short and long time-scales (e.g. Melin et al. 2013 ). Short-term variability is driven mostly by the highly dynamic auroral process, producing a rapid changes in the ionisation rate of molecular hydrogen. These changes in auroral activity are caused by variable solar-wind conditions, or by changes in the production rate of plasma inside the planet's magnetosphere. Long-term changes are somewhat harder to elucidate, but are likely driven by changes in the ionisation rate of molecular hydrogen by changing solar conditions as we move through the solar cycle. These variabilities fluctuate around a baseline of average solar and auroral ionisation conditions. Via the analysis of H + 3 spectra, we can investigate the physical mechanisms responsible for these changes. However, at Neptune, where H + 3 remains undetected, we do not know the extent of any variability, or what the baseline level is.
Despite several attempts at detecting H + 3 emissions from Neptune, none has been successful (Trafton et al. 1993; Encrenaz et al. 2000; Feuchtgruber and Encrenaz 2003; Melin et al. 2011a ). Most recently, Melin et al. (2011a) column density of ∼ 1.5 × 10 13 m −2 at an assumed temperature of 550 K.
The iSHELL instrument at the NASA Infrared Telescope Facility, installed on the telescope in August 2016, combines high sensitivity with high spectral resolution, and provides our best present opportunity for long integrations to search for H 3 describing the analysis of the data. In Section 4 we discuss the results of the analysis and we end with conclusions in Section 5.
OBSERVATIONS
We used the NASA IRTF iSHELL spectrograph (Rayner et al. 2016) to observe Neptune and Uranus between 17 and 20 of August 2017 (UT). The observations are outlined in Table 1 . We used the 1.5 wide slit covering most of the 2.4 disk of Neptune, aligning the slit along the planetographic equator, with a position angle of 55
• West of North. This slit produces a resolving power of R = ∆λ/λ ∼17,500. The observing geometry can be seen in Figure 1 . The slit length was 15 allowing us to nod the telescope so that Neptune is on the slit in both the object (A) and sky (B) exposures. Each exposure was 120 s long, divided into two co-adds. We guided the telescope on Neptune, using the on-axis guider (Kyle) with the J-band filter (1.05 to 1.45 µm).
The Lp3 (L ) iSHELL cross-disperser setting produces 13 spectral orders that are projected onto the infrared detector array, which has 2048 by 2048 pixels. These cover a wavelength range between 3.83 and 4.19 µm, with some overlap between each order. The angular projection of each spatial pixel is 0.18 (or 0.08 RN ). We used our newly developed IDL iSHELL pipeline to reduce the observations, including standard flat-fielding and sky subtractions. The orders were straightened in both the vertical (spatial) and horizontal (spectral) dimensions, and wavelength calibrated using the telluric skylines. The spectra were flux calibrated using observations of the A0 star HR 830 (K magnitude 5.909). We only extracted the two orders that contained the H + 3 Q(1, 0 − ) and the Q(3, 0 − ) emissions (orders 131 and 130 respectively), with each extracted spectral order having a dimension of 2048 by 110 pixels and a wavelength resolution of 0.016 nm. The spectral range of these two orders is 3.93 to 4.00 µm.
Our observing strategy was as follows: for each of the four nights that we observed (Table 1) , about 5 hours were spent integrating on Neptune, until an airmass of 2 was reached. Over the entire programme, we integrated on Nep- tune for 15.4 hours. We then performed short reference observations of Uranus, so that the location of the H + 3 emission lines on the detector array could be experimentally determined, and our wavelength calibration validated. We spent a total of 1.1 hours integrating on Uranus. The angular diameter of Uranus was 3.6 , and we used the same slit rotation as used for the Neptune observations -see Figure 1 . At the end of the night the flux calibration star was observed, in addition to flat-fields and other calibration frames.
The rotation period of Neptune is 16.11 ± 0.05 h (Warwick et al. 1989) , which means that for each Earth day, Neptune has completed ∼1.5 rotations, and we are faced with a 180
• longitude phase difference on consecutive observing nights. Over four half nights of observing, all longitudes of Neptune will have been observed, albeit some at large viewing angles. Regardless, as will become clear, we lack the signal-to-noise to analyse any shorter components than the average of all observations. During these observations, Uranus was moving towards the Earth with a speed 1 of 26 kms −1 , whilst Neptune moved towards us with a speed of 9 kms −1 . This means that Neptune is receding relative to Uranus, and the expected Doppler red-shift of discrete line emission from Neptune relative to emission from Uranus is 0.22 nm (17 kms −1 ). Therefore, any H + 3 emission present at Neptune will appear 0.22 nm long-ward of the H + 3 emission at Uranus. The spectral data of Neptune presented in this study was shifted by 0.22 nm (14 spectral pixels) towards longer wavelengths to account for this, and all of the following analysis includes this shift. This effectively puts the Neptune spectra in the Uranus rest-frame. Additionally, the iSHELL wavelength dispersion is optimised for use with a 0.375 slit at R ∼ 70,000. Since we are using the 1.5 slit producing a spectrum at R ∼ 17,500, effectively over-sampling in the 1 Sourced from NASA Horizons at https://ssd.jpl.nasa.gov/horizons.cgi Figure 3 . The averaged spectral intensity across the disk of Uranus and Neptune. The Uranus spectra has been shifted by +0.5 mWm −2 sr −1 µm −1 for clarity. The dashed lines shows the zero intensity level for each spectrum, the dotted lines indicated the fitted H + 3 line-centres in the Uranus spectrum, and the dotdashed line shows the boundary between the two spectral orders. The Neptune spectrum is offset from zero, indicating the presence of a continuum emission. The Uranus spectrum shows no evidence of continuum emission and has four discreet H spectral domain by a factor of 4, we smooth the spectral data along the wavelength dimension using a rolling boxcar with a width of 4 pixels. We use the wide slit to cover as much as the disk of Neptune as possible, whilst maintaining the ability to guide on Neptune itself. 
ANALYSIS
The reduced and calibrated individual Neptune observations were stacked and for each pixel, we determined the median value across the 232 A-B pairs, as to produce the average view of the emission from Neptune over the 15.4 hours of observation. The spectral image of the two Neptune iSHELL orders can be seen in Figure 2a . The horizontal dimension is spectral and the vertical dimension is spatial, so that the intensity along the slit, across the disk from dawn to dusk, is shown bottom to top. The observations of Neptune in Figure  2a shows continuum emission visible along the entire narrow wavelength range, across the entire disk of the planet. This continuum is likely solar reflection from clouds and hazes in the lower atmosphere.
The Uranus observations were similarly stacked and medianed, seen in Figure 2b , showing clear H + 3 Q(1, 0 − ) line emission at 3.953 µm in spectral order 131, and an additional three strong emission lines in the spectral order 130: Q(2, 0 − ) at 3.971 µm, Q(3, 0 − ) at 3.986 µm, and Q(3, 2 − ) at 3.994 µm. The spectral lines are seen across the entire disk, and even slightly above the limbs as a result of a small telescope movements due to uncertainty in the guiding.
By averaging the spectral intensity in Figure 2 across the diameter of both Neptune and Uranus we produce the disk average spectra, shown in Figure 3 . The Uranus spectrum has been offset by +0.5 mWm −2 sr −1 µm −1 for clarity. The horizontal dashed lines shows the zero levels for the Neptune and Uranus spectra The grey dot-dashed line shows the boundary between the two iSHELL spectral orders.
The H + 3 line spectrum of Uranus in Figure 3b fits to a temperature of 482±5 K and a H + 3 column density of 6.8 ×10 15 m −2 . The intergrated H + 3 Q(1, 0 − ) line intensity is 0.22 µWm −2 sr −1 . These numbers are similar to those derived by Melin et al. (2011a Melin et al. ( , 2013 , and confirms that the flux calibration that emerges from our iSHELL calibration pipeline is consistent with data from other instruments and facilities.
No clear and obvious H + 3 line emission in the Neptune spectrum in Figure 3 stands out. In order to increase the signal-to-noise, we add the four spectral regions of the Neptune spectral image (Figure 2a ) that contain H + 3 emission at Uranus. By fitting Gaussians to the four spectral lines in Figure 3 , we determine the centre wavelength of each line. These are shown as dotted lines in Figure 3 . We then produce a total spectral image of Uranus and Neptune respectively by adding the four individual spectra images centred around each line. These sums of H + 3 Q(1, 0 − ), Q(2, 0 − ), Q(3, 0 − ), and Q(3, 2 − ) lines are seen in Figure 4 , covering 40 spectral pixels either side of the line centre, indicated by a vertical dotted line. The dashed horizontal lines indicates the spatial extent of each planet. Figure 4b shows clear spatial structure in the distribution of intensity across the disk of Uranus. The Uranus observations use a slit rotation generally unsuited for observing the planet, i.e. neither aligned with the equator nor the rotational axis -see Figure 1 . Regardless, analysing the fine details in the Uranus emission remains outside the scope of this study. The sole purpose of the Uranus observations obtained for this study is to accurately determine the expected location of any H + 3 emissions at Neptune. The summed spectral images of Neptune in Figure 4a clearly shows the continuum emission with a peak intensity of about 0.4 mWm −2 sr −1 µm −1 . Theres is no obvious intensity enhancement at the expected location of the H + 3 line emission, but it may be difficult to ascertain due to the background continuum. In order to determine if there is emission atop the continuum, we average the emission across the disk of Neptune, and subtract the average value of the continuum emission where H + 3 is not expected to be present. This residual signal is shown in Figure 5a . Figure 5b shows the average intensity of the spectral image in Figure 4b averaged across the disk of Uranus, showing a strong H + 3 line profile. Whilst the residual spectral intensity at Neptune in Figure 5a shows a slight enhancement above the zero intensity at the location of the expected H + 3 emission, it is at the level of the surrounding noise. We measure the height of the observed spectral intensity above the mean (zero) level at the expected peak location to be 12 +15 −10 nWm −2 sr −1 µm −1 . This is shown as a red dashed line in Figure 5a , with the grey area indicating the sizeable level of uncertainty. Using the H + 3 line-list of Neale et al. (1996) and the partition function of we can calculate the upper limit of the H + 3 column integrated density by dividing the observed intensity of the four lines added to make Figure 5 by the calculated intensity per molecule of the same four lines at a certain temperature. Lyons (1995) derived a H + 3 density peak at 1400 km, at which Broadfoot et al. (1989) measured a temperature of 550 K. Using this temperature, as did Melin et al. (2011a) and Feuchtgruber and Encrenaz (2003) , we derive an upper limit of the column integrated H The upper limit is about a factor of ∼500 times lower than the H + 3 column densities observed at Uranus (Melin et al. 2011b (Melin et al. , 2013 , ∼100 times lower than at Saturn (O'Donoghue et al. 2014), and ∼1000 times lower than at Jupiter (Stallard et al. 2002; Dinelli et al. 2017) . One notable difference between Neptune and the other giant planets in our solar system is the presence of CH4, CO2, and H2O at altitudes greater than 500 km above the 1 bar level (Moses and Poppe 2017) . The presence of these polyatomic molecules acts as to destroy H + 3 very rapidly via this reaction:
where X is a neutral species heavier than molecular hydrogen (H2). This recombination would have the effect of vastly shortening the H + 3 lifetime, and whilst the production rate could be comparable to the other giant planets, the very short lifetimes reduce the number of H + 3 molecules to currently un-detectable levels. In this scenario, the amount of H + 3 present in the atmosphere of Neptune would be strongly dependent on the vertical profile of the polyatomic neutrals, which in turn is dependent on the vertical mixing process in the stratosphere (de Pater et al. 2014; Fletcher et al. 2014) ; without rigorous vertical mixing, the extended presence of these species into the upper stratosphere and thermopshere cannot be maintained. Therefore, once detected, the column density of H + 3 at Neptune can be used to probe the extent of the vertical mixing in the upper stratosphere.
The Keck observations of Neptune by Melin et al. (2011a) showed no continuum emission, which is clearly observed here (see Figure 2) . The structure of the near-infrared emission emerging from the lower atmosphere is driven by the presence of clouds (e.g. Irwin et al. 1998 ). The continuum emission we observe indicates that the underlying clouds are unable to absorb the incoming sunlight, which is instead scattered back out of the atmosphere. Here, individual nights of observations have slightly different continuum emission profiles across the disk of the planet, suggesting that the clouds are localised in longitude. This emergence of cloud opacity is consistent with the recent development of large storm systems on Neptune observed by de Pater et al. (2014) .
At Jupiter, the presence of storms have been associated with heating in the ionosphere by the breaking of acoustic waves, traveling from the troposphere to the upper atmosphere (O'Donoghue et al. 2016) . With large storms emerging on Neptune, any heating of the ionosphere would have the effect of increasing the intensity of any H + 3 emission; the intensity is driven exponentially by temperature, and linearly by the H + 3 density . Despite this potential source of increased H + 3 intensities, we are unable to detect H + 3 at Neptune. The observations presented here span 15.4 h over 4 days, with a spectrograph slit that covers a significant fraction of the disk of Neptune (see Figure 1 ). Since the rotation period is 16.1 h, the observations effectively provide a longitude averaged view, removing any short-term variability driven by changes in viewing geometry. The detection attempt of Melin et al. (2011a) , using Keck observations from 2006, is separated from the 2017 observations presented here by almost exactly one solar cycle. Therefore, we may expect the levels of solar EUV flux to be similar, resulting in similar levels of H The iSHELL slit-width used in this study (1.5 ) produces a spectrum at a similar spectral resolution to that of Keck NIRSPEC, used by Melin et al. (2011a) . Assuming that similar solar conditions prevailed, it can be instructive to average the two datasets to investigate if the upper limit can be improved upon, with the understanding that such an exercise can be fraught with complications. In Figure 6a we have down-sampled the iSHELL observations of Figure 5 (0.016 nm/pixel) to the same wavelength dispersion as the NIRSPEC observations (0.060 nm/pixel). Figure 6b shows the sum of the H + 3 Q(1, 0 − ), Q(2, 0 − ), Q(3, 0 − ), and Q(3, 2 − ) lines of Uranus and Neptune contained within the Keck dataset of Melin et al. (2011a) . The difference in the spectral intensity of the Uranus H + 3 line profiles in Figure 6a and 6b is likely driven by differences in both temperature and H + 3 density between 2006 and 2017: we derive a temperature for the 2017 data of 482±5 K, whereas the temperature derived from the 2006 Keck data was 608±12 K (Melin et al. 2011b) . Figure 6 shows the average Uranus and Neptune profiles, and we derive an upper limit on the H + 3 density of 0.37 ± 0.14 × 10 13 m −2 (at 550 K), a factor of 2.7 lower than derived from the iSHELL data alone. Therefore, the combination of the two datasets suggests that the model of Lyons (1995) overestimates the H + 3 density by at least a factor of 13.
At Uranus, the arrival of solar wind compressions have been shown to increase the ultraviolet auroral emissions (Lamy et al. 2012 ). An increased particle precipitation flux could also lead to an increase in the production of H + 3 . One potential strategy for future H + 3 detection attempts at Neptune is to time the iSHELL observations to coincide with the arrival of such compressions, potentially producing more intense H + 3 auroral emission. However, there remains significant uncertainty in modelling the propagation of these solar wind features observed at Earth out to the orbit of Neptune at 39 AU.
The instrument suite on-board the James Webb Space Telescope (JWST), due to be launched in 2018, includes a near-infrared spectrograph (NIRSpec, Bagnasco et al. 2007) capable of observing H + 3 emissions from the giant planets (Norwood et al. 2016) . Detecting H + 3 emissions from Neptune would open many significant avenues of scientific inquiry, and JWST emerges as the next step in this particular journey. Our present study provides limits on the expected intensity of the H + 3 emissions.
CONCLUSIONS
We have analysed NASA IRTF iSHELL observations of Neptune obtained over four nights in August 2017 in an attempt to detect H + 3 emission from the planet. Despite 15.4 hours of integrating across the disk of the planet, covering all longitudes, we are unable to make a positive detection. Instead, we derive an upper limit of the H + 3 column density of 1.0 +1.2 −0.8 × 10 13 m −2 for a temperature of 550 K. The upper limit for the H + 3 column density is about 500 times less than is observed at Uranus. This difference could be driven by the fact that Neptune has strong vertical mixing that moves CH4, CO2, and H2O from the upper stratosphere into the thermosphere, which acts as to destroy H + 3 . This shortens H + 3 lifetimes, and reduces the H + 3 density to currently un-detectable levels.
